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ABSTRACT 
 
SEGMENTED BREAST TREATMENT PLANNING INCORPORATING 4D DATA 
ACQUISITION  
 
Jill P. Anderson 
Nuclear, Plasma, and Radiological Engineering Department 
University of Illinois at Urbana-Champaign, 2010 
Masab Garada, Advisor 
 
     Conventional 3-D external beam radiation therapy for breast cancer, although a vast 
improvement over traditional therapy, does not take into account respiratory motion. With breast 
cancer patients, this motion can expose healthy tissues, such as the lungs, to higher doses than 
expected. More significantly, respiratory motion can create hot spots in the breast tissue in 
excess of 15% of the prescribed dose.  4-D radiation therapy allows for the dimension of time to 
be added to the process through a bellows devise and post processing.  This paper identifies that, 
unlike other methods of utilizing 4-D technology (which add time and may require the purchase 
of additional equipment), selecting a mid point phase of the breathing cycle is an inexpensive 
and fast alternative and is more effective than conventional 3-D technology. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 BREAST CANCER 
 
There were more than 190,000 new cases of breast cancer in the United States in 2009 that 
resulted in 40,000 deaths. (The International Agency for Research on Cancer) Breast Cancer 
caused approximately 519,000 deaths worldwide in 2004. It is the most common cancer in 
women and represents 16% of diagnosed female cancers. (World Health Organization) In fact, a 
woman's lifetime chance of getting breast cancer is about one in eight. (The International Agency for 
Research on Cancer)
 Breast Cancer is usually first surgically removed (lumpectomy) and/or drugs 
(chemotherapy) and/or radiation are used to destroy tumors on the microscopic level that were 
not removed during surgery. After surgery, radiation therapy is the most frequently used and the 
most successful treatment. (American Cancer Society) When radiation is employed it can be 
applied as external beam radiation therapy (EBRT) or as internal radiation therapy 
(brachytherapy). Both EBRT and brachytherapy have been shown to “reduce the risk of 
recurrence by 70 percent”. (Weiss) External beam radiation therapy for breast cancer does, 
however, require a high investment for the most effective equipment.  Thus, not all facilities 
presently have the most recent 4-D technology.  This paper will describe the development and 
application of an effective and lower cost method of utilizing 4-D technology through the 
selection of a different phase of the breathing cycle for treatment planning.  
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1.2 RADIATION THERAPY 
External beam radiation therapy, involves the generation of a beam of high-energy x-rays 
through a linear accelerator or linac.  This beam is directed at the tumor site and can be 
positioned so the dose will target the site and destroy the cancer cells.  The patient lies supine (on 
her back) on the treatment table, and the gantry (or head) of the linear accelerator rotates in an 
arc around the upper portion of the body. (Radiological Society of North America, Inc. (RSNA)) 
Figure 1.1 below is an image of a linear accelerator used for cancer treatments and the typical 
patient position. 
 
Figure 1.1: Linear Accelerator and typical patient position (supine) for cancer treatments (Richard A. Henson Cancer Institute 
at Peninsula Regional Medical Center) 
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     The linac is programmed based on the Computerized Tomography (CT) imaging and 
simulation results.   A CT scan is a variation of x-ray technology.  Where x-ray machines 
bombard the body with many x-rays, a CT scan utilizes a highly collimated beam of x-rays that 
obtain cross-sectional images. Figure 1.2 below is an example of cross sectional images. 
 
Figure 1.2: Cross sectional images from a chest CT scan (Neuro Oncologia) 
  
     The ionizing radiation from the linear accelerator either kills or injures cancer cells so that 
they cannot divide.  Although the high energy beam from the linac kills both healthy and 
cancerous cells in the beam path, the healthy cells have the ability to repair themselves unless the 
4 
 
dose is too high or the treatments are given too frequently. (M. H. Garada) However, small 
amounts of damage to healthy cells are unavoidable if the cancer cells are to be eradicated. (Palo 
Alto Medical Foundation) There are risks involved with EBRT including skin sensitivity in the 
irradiated breast and dose to the lungs and heart. (M. Garada) However, if treatment is precisely 
and accurately planned and executed, radiation damage to surrounding tissues and critical 
structures, such as the lungs and heart, can be minimized.  
     One of the problems hindering precise treatment planning for breast cancer is respiratory 
motion which can expand the lungs 1-3cm. (Klahr, Subramanian and Yanof) The excursion 
causes the breast to move during treatment. As treatment plans are designed according to the 
compiled CT, any movement can change the area the linac beam irradiates, altering the dose 
field the patient is supposed to receive.  
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CHAPTER 2 
BACKGROUND 
 
2.1 TREATMENT PLANNING 
 
2.1.1
 
TRADITIONAL 2-DIMENSIONAL TREATMENT  PLANNING  
     Throughout the last 50 years, various types of equipment and methods of radiotherapy cancer 
treatment delivery have been developed.  In the 1960s, beam modifiers were very effective in 
providing better coverage of radiation dosages to tumors.   This enhanced coverage was 
accomplished by altering the spatial distribution of the intensity of the treatment beams.  Two-
dimensional (2-D) radiotherapy treatments have employed such mechanisms as beam blocks, 
wedge filters, and beam compensators. (Cheung)  These 2-D treatments are known as the 
traditional method for radiation therapy treatment. It uses a conventional simulator called an R/F 
system to develop beam angles, as well as shapes and isocenters, which are geometrically 
identical to the linac used in treatment. The R/F system provides a view of the patient’s anatomy 
but does not show the tumors themselves because of low soft tissue contrast. (Klahr, 
Subramanian and Yanof)  
2.1.2
 
CONVENTIONAL 3-DIMENSIONAL TREATMENT PLANNING 
     In the mid 1990s, practical means of delivering intensity modulated beams to achieve 3-D 
dose conformity, now called conventional treatment planning, became available with the 
invention of the computer controlled linear accelerators.  These accelerators had fully motorized 
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multi-leaf collimators (MLC). (Cheung) These collimators, further discussed in chapter 3, allow 
for hot spots to be “blocked” out and the linac beam to be shaped to the tumor area.  
Modern 3D radiotherapy also uses Computed Tomography simulation instead of the 
conventional simulators common in 2-D radiation therapy. CT simulators, discussed in detail in 
chapter 3, create synthetic X-ray projections from computed tomography image volumes which 
allow the treatment to be simulated with better soft tissue visualization and planning the 3-D 
distribution of dose. (Klahr, Subramanian and Yanof)  
The objective of radiotherapy is to apply a local dose to the tumor region while minimizing 
dose to nearby organs and critical structures. Looking at this in terms of the Dose Volume 
Histogram, discussed in chapter 4, the proportion of the tumor receiving radiation is maximized 
while the dose to other structures is minimized. Respiratory motion or excursion adversely 
affects these goals. If large margins are used to ensure that the tumor remains in the linear 
accelerator beam, then surrounding structures will receive dose that could have been avoided.  
On the other hand, using smaller margins that do not anticipate reparatory motion can create hot 
and/or cold spots, as shown in chapter 4. 
 
2.1.3 INTENSITY MODULATED RADITION THERAPY 
     Intensity Modulated Radiation Therapy (IMRT), an inverse planning method of 3D conformal 
Radiotherapy utilizes multiple beams that are designed by specifying specific doses. Instead of 
the user adding beams and modifiers and then adjusting them based on the output dose map, 
IMRT allows the user to specify doses to each structure such as the lungs and tumor. Based on 
this detailed information the software designs the beams (including MLC positions) and 
modifiers. This allows IMRT treatment plans to deliver highly conformal doses of radiation to 
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the tumor treatment area while avoiding healthy tissues and nearby critical structures. It has 
“superior dosimetric advantages” over 2-dimensional (2-D) and conventional 3-dimensional (3-
D) radiation therapy treatments. (Cheung) A disadvantage is, however, is the high precision and 
conformity is requires. There is little room for error such as respiratory motion or random errors 
in position. (Cheung) Another disadvantage is the complexity and the amount of time an IMRT 
treatment plan takes to design. (M. Garada) In fact IMRT plans take days to design while a 
conventional plan (3-D or 4-D, covered in the next section) take a matter of hours. (Tharp)  
 
2.1.4
 
MODIFIED CONVENTIONAL 4-DIMENSIONAL TREATMENT PLANNING 
     As mentioned in the introduction, respiratory expansions of up to 3cm have been measured in 
patients receiving external beam radiation therapy. In order to treat breast cancer patients as 
effectively as possible, the extent of respiratory motion must be identified for each patient and 
incorporated into the planning and treatment process. (Klahr, Subramanian and Yanof) The 
addition of time would allow for this goal. Four-dimensional (4-D) conventional treatment 
planning is the inclusion of time in 3-D conventional radiotherapy. (P. Keall)  
     As mentioned above, individualized planning margins are needed to take into account the 
variability of respiratory motion. (Plathow C) Respiratory correlated 4D scans take into account 
temporal changes in anatomy during imaging, planning, and delivery of treatment.  (Vedam SS)      
In some cases 4D scans have the added advantage of allowing selection of respiratory phases for 
gated radiation therapy. (Underberg RWM) In other words, a sequence of image sets from the 
CT is gathered over consecutive segments of the breathing cycle using a bellow devise, shown 
below. A pressure transducer contained inside, converts the pressure waveform to a voltage 
 signal. This signal is then digitized and transmitted to the CT system. 
Yanof) Structure and tumor motion can then be observed in the 4D image set.
Figure 2.1: An integrated respiratory gating system. The respiratory air bellows belt (a) senses the respiratory sig
generate a respiratory signal to generate a respiratory waveform (b) that highlights the start of inspiration (red point) and
expiration (blue point). Image volumes are reconstructed at temporal phases of the respiration cycle (c and d)
Subramanian and Yanof) 
 
      
However, a disadvantage of this process is the need to then contour or identify and mark 
critical structures and treatment areas in all of the breathing phases. In some instances there are 
as many as ten cycles requiring 10 times as much work
needed because the corresponding waveform motion of the infrared markers (these must be 
attached to the chest surface) is detected by a special 
are placed on the chest and the camera observes their motion and selects different phases of the 
breathing cycle for the linear accelerator to use in real time depending on the motion.
CT scanner must also be available in the treatment room to verify the dynamics of the breathing 
motion.  
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     Another method to account for respiratory motion utilizes a bi-plane X-ray fluoroscopy target 
localization and tracking system shown below. The imaging system finds the target and observes 
its movement.  
 
Figure 2.2: IR tracking of patient breathing (BrianLab) 
 
The beam from the linear accelerator is turned off when the target tumor area goes outside of 
the field coverage and back on when the tumor enters the field as shown in the figure below. 
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Figure 2.3: Gating of radiotherapy treatment beams by respiratory motion waveform to compensate for target movement. 
(Cheung) 
 
A third way of accounting for respiratory excursion is to use multidetector-row CT scans that 
acquire a “single breath-hold” image and treat based off of that CT image set. However, the time 
the patient is required to hold her breath is not long enough for the linac to complete treatment.  
(Klahr, Subramanian and Yanof) 
     
2.2 Simulation 
 
2.2.1 Conventional Simulation  
     Conventional simulators, used in 2-D and some 3-D treatments, consist of a fluoroscopic 
imaging system with X-ray tube, filters, collimator, image intensifier, and video camera as well 
as a and diagnostic X-ray unit. (Bushberg, Seibert and Leidholdt) Similar to a linear accelerator, 
the gantry head accommodates modification devises. However, the images are transmission 
radio-graphs with field collimator settings and the areas to receive treatments are outlined using 
bone landmarks as there is little soft tissue contrast. As mentioned above, CT simulation in 3-D 
and 4-D radiation therapy is a superior choice over conventional simulators due to the use of 
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volumetric study sets instead of the planar radiographs commonly used in 2-D radiotherapy. The 
vast majority of therapy (both 3-D and 4-D) utilize CT simulation. 
2.2.2      Computed Tomography Simulation  
     With the introduction of CT scanners in the clinical setting, CT simulation became the 
modality of choice due to the information they could provide about tumor and critical structures. 
CT images provide tissue density information vital to the accuracy and specificity of the 
radiotherapy planning and treatment process, although it still has limited soft tissue contrast. 
Combined with laser positioning and advanced software, CT simulators incorporate treatment 
analysis tools and in depth dose calculation evaluation. (Garcia-Ramirez, Mutic and Dempsey) 
Below is a diagram showing the place of CT simulation in the treatment planning process. 
 
Figure 2.4: Place of CT simulation in the radiotherapy treatment-planning process. (Mutic, Palta and Butker) 
 
     As discussed above, CT simulators have laser positioning, a marking system, and 3-D 
planning software in addition to a CT scanner. Many simulators incorporate larger bore openings 
in their CT scanner for patient comfort as well as multi-slice image acquisition. (Klingenbeck-
Regen, Schalle and Flohr)  
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2.3 Breast Cancer External Beam Radiation Therapy 
     In most cases, Radiotherapy for breast cancer begins after the patient has healed from surgery 
(partial mastectomy or lumpectomy). (Keurer, Julian and Strom) This is usually 2-4 weeks. If 
Radiotherapy is administered along with chemotherapy, there must be continuous discussion 
between the medical and radiation oncologist to assure that side effects are kept to a minimum. 
The specifics of therapy take into account the location and size of the tumor as well as breast 
size, side effects and patient concern. For most women 6-MV photons are used for an intact 
breast. However, higher energies may be used for larger breasts to ensure better dose 
homogeneity. Opposed tangential fields are used to give the patient 4500-50000 centigrays 
(cGy). The patient typically has one treatment per day 5 days a week for a total of 25 days or 
fractions.  The daily fraction of dose is therefore 180-200 cGy. As with all external beam 
radiation therapy, critical structures such as the lungs are avoided whenever possible.    
     When external beam radiation therapy is done post surgery it is designed to kill microscopic 
residual disease left behind. (Buchholz) The outline of the tumor bed is the easiest to visualize on 
patients with recent lumpectomies (M. Garada). The use of CT imaging allows straight forward 
evaluation of the tissue post tumor (tumor bed) and ensures that the radiation plan avoids critical 
structures, such as the lungs. 
      
2.3.1 Simulation in Breast Cancer Radiotherapy 
     It is necessary for the patient to be in the same position (usually lying on the back) for 
imaging, simulation, and treatment. There are small differences in immobilization techniques, 
target delineation, and dose prescribed. Usually, thin spiral CT images of 3mm in width are 
acquired from the collar bone to the upper abdomen as shown in the figure below. The heart and 
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other cardiac structures are avoided and not put in the path of the tangential fields unless required 
to accurately treat the tumor bed. The dose to the lungs is also minimized.   
 
Figure 2.5: Pre-computed tomography (CT) simulation skin marks including approximate ﬁeld borders (Motwani, Strom and 
McNeese) 
      
     In most breast cancer treatments the “step and shoot” technique is used with an intensity 
modulated field. This means that the dose within the target area will be homogeneous and fewer 
monitor units are required than plans utilizing many wedges. In addition, both the treatment time 
and the dose to healthy tissue can be reduced. (Hong, Hunt and Chui) 
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CHAPTER 3 
MATERIALS AND METHODS 
 
3.1 Equipment 
 
3.1.1 Computed Tomography 
     CT scanners are the main modality used to generate images for treatment planning.  A Philips 
big bore CT scanner was used for the external beam radiation therapy research. Large bore CT 
imaging allows extremities such as the breast to easily fit inside the scanner without position 
modifications, which can be uncomfortable and harder to set up. This type of imaging also 
allows for devises such as wedges, which will be discussed later.   Scanners like the big bore also 
increase the scan field of view. (Mutic, Purdy and Michalski) Due to their previously discussed 
similarities in set up with modern linear accelerators, treatments can be set up in an identical 
manner to the original scan as shown below.   
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Figure 3.1: Similarity in design of simulator and treatment machine tabletops allows efficient and accurate reproducibility of 
patient positioning. (MED-TEC, Inc.) 
 
3.1.2 Software 
     Pinnacle3 is a radiation treatment planning system. (Philips) This software allows the user to 
set up and evaluate a 3D treatment plan for EBRT based on structures and the tumor area. A 
treatment plan includes “3D patient anatomy, 3D dose distribution superimposed on the 3D 
anatomy, description of beams and beam set up, and fractionation scheme showing how the 3D-
dose distribution is distributed in time.” (ADAC laboratories, Inc) The user can configure beam 
variables like geometry, energy, and modifiers such as blocks, wedges, bolus, and multi-leaf 
collimators as well a setup planning and simulation on the same platform. In other words, beams 
can be visualized, doses easily computed, and the weight of each beam set. (Pinnacle3 Radiation 
Therapy Planning Software) 
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3.1.3 Linear Accelerator 
     A linear accelerator, as mentioned in the introduction, generates high energy X-ray radiation. 
This radiation is produced by using microwave technology to accelerate electrons through a 
vacuum chamber to approximately the speed of light.  A heavy metal disk (such as Tungsten) is 
bombarded with the electrons. (M. H. Garada) Due to the collisions, high-energy x-rays are 
produced and emitted from the disk. These high energy x-rays are then collimated into a thin 
beam and directed at the tumor area, then shaped as they exit by a cut block or multileaf 
collimator. (See figure below). The shaped beam comes out of the gantry which can rotate and 
deliver the proper dose from almost any angle. (Radiological Society of North America)  
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Figure 3.2: Inner components of a typical linac (Morehead State University) 
 
     The linear accelerator creates both electron and photon radiation which can be generated on 
the same machine but not simultaneously. Whereas electrons are unable to penetrate much 
beyond the skin and are used for superficial lesions, protons have greater penetrating ability and 
are used for deeper lesions, like breast cancer. (M. H. Garada) The photon energies generated are 
6 MV and 18 MV. 
      The Multi-leaf Collimator (MLC), as mentioned above, shape
conform to the treatment area. It 
motors driving each leaf in and out of the field as the treatment progresses.
typical conventional breast cancer treatment plan has 3
beam. Each treatment field has different positions for
Multi-leaf collimators enable uniform treatment dose volume by allowing the person(s) using the 
software to adjust for hot or cold spots.
Figure 3.3: Examples of MLC positions (Lanz)
 
3.2 Setup 
     External beam radiation therapy is 
mastectomy of a noninvasive intraductal 
this research, the entire breast was irradiated to mimic a typical treatment
The breasts were all prescribed 4500 cGy for fi
each with 180 cGy per day. The use of energy greater than 6 MV photons
18 
s the high energy X
has forty leaves on each of its two sides (see below) with 
 (M. Garada)
-5 different MLC treatment fields for each 
 each leaf, as shown in figure 3.3
 
 (Cheung) 
given to patients who have had excision or segmental 
carcinoma or lumpectomy. (Levitt, Kan and Potish)
.  (Perez and Brady)
ve weekly fractions for a total of 25 fractions 
 for these patients 
-rays to 
 A 
 below.  
 
 For 
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would have resulted in under dose to the superficial tissue just below the skin surface. Therefore, 
two tangential off-parallel fields of 6MV photons, each with wedges, were designed. Because the 
breast shape is irregular and the volume of the breast tissue decreases towards the nipples, 
wedges are used on beams for breast cancer patients. Different wedges were used depending on 
the specific patient breast shape, as shown in the figure below. In addition, the off-parallel tilt 
reduced the amount of beam deviation into the lungs. The dose within the target volume was also 
kept to within 10% dose variance in keeping with common standards.  (M. Garada)  
 
 
Figure 3.4: Transverse slice of a typical EBRT breast plan 
 
Isocenter 
Tangential 
Beams 
Wedges 
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Figure 3.5: Sagital slice of a typical EBRT breast plan 
 
     “The dose prescribed to the isocenter of the intersecting tangential beams is placed 
approximately at the center of the breast volume.” (Perez and Brady) A more detailed setup and 
procedure walk through complete with screen shots can be found in Appendix A. 
 
3.3 Procedure 
 
3.3.1 Simulated Study Procedure 
The Philips Brilliance CT Big Bore was used to image patients. This data was imported into 
the Treatment Planning System and conventional dosimetry treatment plans were designed using 
Isocenter 
Tangential 
Beams  
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Pinnacle3 software. For the simulated study a plan was designed and then the breast region was 
manually expanded by increments of 3mm all the way to 15mm to see how this expansion or 
“breathing” motion would affect the dose distributions. A plan (termed modified conventional 
plan) was then designed based on the 6mm expansion and applied to the 0, 6, and 15mm 
expansion plans. In addition, a traditional plan (one without MLC blocks) was implemented on 
the 0 and 15mm expansion for comparison. Each beam had three different MLC field positions 
in order to distribute the dose adequately along the target volume.  The traditional plan provided 
initial indications as to where the MLC would be placed. In order to create a satisfactory 
distribution, several positions were tried. Because of the decreased volume of breast tissues 
surrounding around the nipples, fifteen degree wedges were used. Two beams and associated 
different prescriptions, in addition to the use of wedges, allowed for dose uniformity and 
adequate distribution along the target volume. (M. Garada)  
 
3.3.2 Clinical Study Procedure 
Again, the Philips Brilliance CT Big Bore was used to image patients. In addition, the 
bellows sensory devise, discussed in chapter 2, was used in the patient study. The devise is an 
elastic belt that is positioned around the abdomen and expands and contracts with respiratory 
motion. See figure 3.6 below. 
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Figure 3.6: Bellows belt on patient viewed from the front and side 
 
     Before the CT scan the bellows devise was put on the chest of the patient. The patient was 
instructed to breathe normally and the respiratory signal is recorded. After the CT planning scan 
was completed, the data and signal were utilized retrospectively to reconstruct the images of the 
various breathing cycles. (Klahr, Subramanian and Yanof) Somewhere between eight to ten 3-D 
image sets are produced, each corresponding to stages in the breathing cycle. (P. Keall) Each 
gated breathing stage was exported to the planning system. However, unlike the gating discussed 
before, only one breathing stage was used and no additional equipment was necessary. 
     The plan for patient one utilized fifteen degree wedges while the plan for patient two was 
designed with thirty degree wedges due to breast shape. Finally, while the plan for patient one 
only required three different MLC positions, patient two’s plan required four different MLC 
positions. 
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3.3.3 Gating  
For this study 0% gated, as measured using the bellows, occurs when the patient has 
maximally expired air from her lungs and only has a residual volume left. 50% gated is usually 
when the patient has maximally inhaled and her lungs are fully expanded. The full cycle goes 
from 0% to 90% as shown in the diagram below. (Figure 3.7)  
 
Figure 3.7: Breathing motion registered from the bellows sensory devise showing the respiration curve and the gating stages. 
(WordPress) 
 
However, since the gated breathing stages are divided by time, 50% is not necessarily the 
fully expanded stage. For each patient the gated stages will be different and the maximum stage 
needs to be determined by using fusion. 
 
3.3.4 Fusion 
     Different breathing stages (gates) in the cycle are compared by fusing them on top of each 
other to determine which stage is maximum exhalation, which stage is maximum expansion, and 
which stage is the mid point. 
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Figure 3.8: Fusion of two different gating stages 
     After fusion was used to determine the local maxima and minima, a conventional treatment 
plan was designed based on the minimum gated stage, when the lung was at residual volume. 
This plan was applied to the maximum gated stage, full inhalation, and the mid point between the 
maxima and minima. A plan based on the mid point (termed modified conventional plan) was 
then applied to the maxima and minima.  A third plan based on the maxima (termed second 
modified conventional plan) was applied to the minima and the mid point. A traditional plan was 
also done on the maxima and minima breathing stage.  
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CHAPTER 4 
SIMULATED STUDY RESULTS AND DISCUSSION 
 
4.1 Conventional and Traditional Plan 
For the first stage of the experimental work a simulated study was done. This was done by 
taking a patient’s CT data and manually expanding the breast region by increments of 3mm until 
15mm was reached. The MLC positions, that were optimally determined for the breast before it 
was expanded, were imposed at each new breast expansion and doses were recalculated. In 
addition, a traditional plan (one without MLC blocks) was done. The detailed plans can be found 
in Appendix B. 
 
4.1.1 Zero Millimeter Expansion  
Below are figures 4.1-4.3 that show a traditional plan and the resulting hot spots. 5% hot 
spots are represented by green, 10% hot spots are represented by light blue, and 15% hot spots 
are teal. Percentage hot is based off of the 4,500 cGy prescribed dose. Doses 10% hot or higher 
are considered unacceptable for a breast cancer treatment plan, as discussed previously. 5% hot 
spots are acceptable although they should be minimized whenever possible. 
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Figure 4.1: Traditional Plan showing the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the right). Green 
areas represent 5% hot regions. 
 
 
Figure 4.2: Traditional Plan showing the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the right). Blue 
areas represent 10% hot regions. 
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Figure 4.3: Traditional Plan showing the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the right). Teal 
areas represent 15% hot regions. 
 
Next is a conventional plan, one that uses MLCs to block out hot spots. Figures 4.4-4.6 
show the 3 different MLC positions or control points. Control point one is used for 92.6%, 
control point two is used for 4.0%, and control point three is used for the remaining 3.4% of the 
therapy. The percentages of each control point vary for each patient and depend on the MLC 
positions chosen at each point. For Breast Cancer patients an open field, here control point one, 
is usually used for 90-95% of the external beam therapy. 
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 Figure 4.4: Conventional Plan Control Point 1 for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the 
right). Green areas represent 5% hot regions. 
 
 
 Figure 4.5: Conventional Plan Control Point 2 for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the 
right). Green areas represent 5% hot regions. 
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Figure 4.6: Conventional Plan Control Point 3 for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the 
right). Green areas represent 5% hot regions. 
 
In the above four figures the advantages of conventional planning are evident. While 
traditional planning leaves the breast tissue with 15-10% hot spots and large regions of 5% hot 
spots, conventional planning blocks out all of the 15-10% hot spots and only a few areas of 5% 
hot spots are left. Figures 4.7-4.10 clearly show the dramatic improvements. Four transversal 
slices of the conventional plan (on the left) and the traditional plan (on the right) are below. 
  
Figure 4.7: Conventional vs. Traditional Plan at z=-2.975 Transverse 
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Figure 4.8: Conventional vs. Traditional Plan at z=3.025 Transverse 
 
 
Figure 4.9: Conventional vs. Traditional Plan at z=-5.975 Transverse 
 
 
Figure 4.10: Conventional vs. Traditional Plan at z=6.025 Transverse 
 
In addition to the decreased size and dose of hot spots found on the conventional plan, the 
overall doses to the breast and lung regions are reduced. Below is a Dose Volume Histogram 
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(DVH) for the breast and lung in the traditional plan (figure 4.11) and for the conventional plan 
(figure 4.12).  
 
Figure 4.11: Traditional Plan DVH for the Breast and Lung 
 
The traditional plan has a maximum dose of 5052.2 cGy to the breast and a maximum of 
4593.9 cGy to the lungs. In contrast, the conventional plan has a maximum of 4771.8 cGy to the 
breast and 4597.2 cGy to the right lung. This represents a 5.5% increase for the breast region. 
The isocenter dose remains relatively unchanged 4500 cGy is set to be a fixed point dose. The 
isocenter is on transverse slice z =.025 and is represented by a red circle with a positive sign 
through it. It is the approximate middle of the cancer bed as described in the previous chapter. 
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Figure 4.12: Conventional Plan DVH for the Breast and Lung 
 
4.1.2 Three Millimeter Expansion 
Although the conventional plan is a substantial improvement over the traditional plan, it 
can still be made better. When simulated breathing motion is applied to the conventional plan, in 
the form of 3mm increment expansions, breast tissue that was blocked from the beam for some 
of the therapy rises outside of the MLC. A 3mm expansion is shown below on a transverse slice 
and resulting hot spots (figure 4.13 and 4.14). There are increased 5% hot spots, shown in green, 
from the non expanded breast above.  
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Figure 4.13: Conventional Plan showing 3mm simulated breathing motion at z=.025 Transverse. The 3mm expansion is 
represented by the light blue line around the breast tissue. 
 
 
Figure 4.14: Conventional Plan showing 3mm simulated breathing motion at Control Point 1 for the Medial Tangent Beam 
(on the left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 The average dose to the breast and right lung has also increased. The breast region has 
maximum dose of 4794.3 cGy and the right lung has a maximum dose of 4625.9 cGy as shown 
in the DVH below. This is an increase of .5% and .6%, respectively.  
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Figure 4.15: Conventional Plan DVH for the Breast and Lung showing 3mm simulated breathing motion  
 
4.1.3 Six Millimeter Expansion 
Another 3mm expansion is performed for a total of 6mm simulated breathing motion. 
There are increased 5% hot spots from the 3mm simulated breathing motion above.   
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Figure 4.16: Conventional Plan showing 6mm simulated breathing motion at z=.025 Transverse. The 6mm expansion is 
represented by the yellow line around the breast tissue. 
 
 
Figure 4.17: Conventional Plan showing 6mm simulated breathing motion at Control Point 1 for the Medial Tangent Beam 
(on the left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 To better understand visually why there are more and larger hot spots, the second and 
third control points are shown below. The hot spots appear right at the edge of the leafs on the 
MLC. This is because the hot spots are occurring in breast tissue that used to be blocked from the 
external radiation beams by the MLC. However, the simulated breathing motion has raised the 
tissue outside of the original blocks on the conventional plan.  
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Figure 4.18: Conventional Plan showing 6mm simulated breathing motion at Control Point 2 for the Medial Tangent Beam 
(on the left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 
Figure 4.19: Conventional Plan showing 6mm simulated breathing motion at Control Point 3 for the Medial Tangent Beam 
(on the left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
  The average dose to the breast and right lung has also increased. The breast region has a 
maximum dose of 4816.8 cGy and the lung has a maximum dose of 4620.6 cGy as shown in the 
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DVH below. This is an increase of .9% in the breast and .5% in the right lung from the 
conventional plan.  
 
Figure 4.20: Conventional Plan DVH for the Breast and Lung showing 6mm simulated breathing motion 
 
4.1.4 Nine Millimeter Expansion 
Another 3mm expansion is performed for a total of 9mm simulated breathing motion, see 
below. There are increased 5% hot spots from the 3mm and 6mm simulated breathing motions 
above. 
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Figure 4.21: Conventional Plan showing 9mm simulated breathing motion at z=.525 Transverse. The 9mm expansion is 
represented by the teal line around the breast tissue. 
 
 
Figure 4.22: Conventional Plan showing 9mm simulated breathing motion at Control Point 1 for the Medial Tangent Beam 
(on the left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 The average dose to the breast and right lung has also increased. The breast region has a 
maximum dose of 4851.5 cGy and the lung has a maximum dose of 4641.0 cGy as shown in the 
DVH below. This is an increase of 1.7% in the breast and 1.0% in the right lung from the 
conventional plan.  
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Figure 4.23: Conventional Plan DVH for the Breast and Lung showing 9mm simulated breathing motion 
 
4.1.5 Twelve Millimeter Expansion 
Another 3mm expansion is performed for a total of 12mm simulated breathing motion. 
There are again increased 5% hot spots from the previous expansions. Over 75% of the breast 
tissue is now receiving doses in the 5% hot range. 
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Figure 4.24: Conventional Plan showing 12mm simulated breathing motion at z=.525 Transverse. The 12mm expansion is 
represented by the red line around the breast tissue 
  
 
Figure 4.25: Conventional Plan showing 12mm simulated breathing motion at Control Point 1 for the Medial Tangent Beam 
(on the left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 The average dose to the breast and right lung has continued to increase. The breast region 
has a maximum dose of 4886.0 cGy and the lung has a maximum dose of 4652.7 cGy as shown 
in the DVH below. This is an increase of 2.4% in the breast and 1.2% in the right lung from the 
conventional plan.  
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Figure 4.26: Conventional Plan DVH for the Breast and Lung showing 12mm simulated breathing motion 
 
4.1.6 Fifteen Millimeter Expansion 
Lastly, another 3mm expansion is performed for a total of 15mm simulated breathing 
motion. Not only do larger 5% hot spots appear but 10% hot spots, shown in light blue below, 
can now be observed.  
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Figure 4.27: Conventional Plan showing 15mm simulated breathing motion at z=1.525 Transverse. The 15mm expansion is 
represented by the red orange line around the breast tissue 
 
 
Figure 4.28: Conventional Plan showing 15mm simulated breathing motion at Control Point 1 for the Medial Tangent Beam 
(on the left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 To better understand the location of the hot spots, the second and third control points are 
shown below. The hot spots appear right at the edge of the MLC. This is because the hot spots 
are occurring in breast tissue that used to be blocked from the external radiation beams by the 
MLC. However, the simulated breathing motion has raised the tissue outside of the original 
blocks on the conventional plan. In the 15mm simulated breathing expansion this causes almost 
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90% of the breast area to be receiving 5% above the recommended dose and 10% hot spots to 
appear.  
 
Figure 4.29: Conventional Plan showing 15mm simulated breathing motion at Control Point 2 for the Medial Tangent Beam 
(on the left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 
Figure 4.30: Conventional Plan showing 15mm simulated breathing motion at Control Point 3 for the Medial Tangent Beam 
(on the left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
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Figure 4.31: Conventional Plan showing 15mm simulated breathing motion for the Medial Tangent Beam (on the left) and 
Lateral Tangent Beam (on the right). Blue areas represent 10% hot regions. 
 
The average dose to the breast and right lung has continued to increase. The breast region 
has a maximum dose of 4931.1 cGy and the lung has a maximum dose of 4689.5 cGy as shown 
in the DVH below. This is an increase of 3.3% in the breast and 2.0% in the right lung. 
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Figure 4.32: Conventional Plan DVH for the Breast and Lung showing 15mm simulated breathing motion 
  
Although the simulated breathing motion has caused a marked increase in the size of the 
5% hot spots and created 10% hot spots, the conventional plan is still a dramatic improvement 
over a traditional plan. The figures below show transverse slices of a conventional and traditional 
plan, each with 15mm breathing motion. Green represents 5% hot, light blue represents 10% hot, 
teal represents 15% hot and red represents 20% hot. With breathing motion, a traditional plan 
can have 20% hot spots. 
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Figure 4.33: Traditional Plan showing 15mm simulated breathing motion for the Medial Tangent Beam (on the left) and 
Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 
Figure 4.34: Traditional Plan showing 15mm simulated breathing motion for the Medial Tangent Beam (on the left) and 
Lateral Tangent Beam (on the right). Blue areas represent 10% hot regions. 
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Figure 4.35: Traditional Plan showing 15mm simulated breathing motion for the Medial Tangent Beam (on the left) and 
Lateral Tangent Beam (on the right). Teal areas represent 15% hot regions. 
 
 
Figure 4.36: Traditional Plan showing 15mm simulated breathing motion for the Medial Tangent Beam (on the left) and 
Lateral Tangent Beam (on the right). Red areas represent 20% hot regions. 
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The average dose to the breast and right lung dramatically increases in the traditional. 
The breast region has a maximum dose of 5204.6 cGy and the lung has a maximum dose of 
4705.5 cGy as shown in the DVH below.  
 
 
Figure 4.37: Traditional Plan DVH for the Breast and Lung showing 15mm simulated breathing motion 
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Figure 4.38: Conventional vs. Traditional Plan at 15mm expansion at z=-6.975 Transverse 
 
 
Figure 4.39: Conventional vs. Traditional Plan at 15mm expansion at z=.025 Transverse 
 
 
Figure 4.40: Conventional vs. Traditional Plan at 15mm expansion at z=7.025 Transverse  
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Figure 4.41: Conventional vs. Traditional Plan at 15mm expansion at x=-8.936 Sagittal 
  
4.2 Modified Conventional Plan 
The next phase is to design a conventional treatment plan that takes into account 
breathing motion without adding significant cost or time to radiation therapy. A new approach is 
to design a plan and MLC positions around a breathing expansion level. Based on the previous 
breathing motion expansion experimental work, 6mm expansion was chosen. The reason for 
choosing this phase is because it is close enough to the non expanded conventional plan that 
there would be minimal under dosing and yet still block out hot spots that might become 10% or 
greater hot in the greater breathing motions, like 15mm. 
 
4.2.1 Six Millimeter Expansion 
At the 6mm simulated breathing expansion a new plan is designed. Some of the MLC 
positions at a few of the control points are modified to block out the 5% hot spots. The figures 
below show the modifications for each of the three control points for each of the two external 
radiation beams.  
51 
 
               
Figure 4.42: Conventional Plan vs. modified conventional plan at 6mm simulated breathing motion at Control Point 1 for the 
Medial Tangent Beam. The MLC positions are unchanged. Green areas represent 5% hot regions. 
 
               
Figure 4.43: Conventional Plan vs. modified conventional plan at 6mm simulated breathing motion at Control Point 1 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 4.44: Conventional Plan vs. modified conventional plan at 6mm simulated breathing motion at Control Point 2 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
              
Figure 4.45: Conventional Plan vs. modified conventional plan at 6mm simulated breathing motion at Control Point 2 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 4.46: Conventional Plan vs. modified conventional plan at 6mm simulated breathing motion at Control Point 3 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
  
Figure 4.47: Conventional Plan vs. modified conventional plan at 6mm simulated breathing motion at Control Point 3 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
 
The decreased 5% hot spots are also viewed below on sagital and transverse slices below. 
There is also no loss in coverage; dark blue, the prescribed dose of 4500 cGy, still covers the 
entire breast region. 
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Figure 4.48: Conventional plan vs. modified conventional plan at 6mm simulated breathing motion at x=-8.838 Sagital 
 
 
Figure 4.49: Conventional plan vs. modified conventional plan at 6mm simulated breathing motion at x=-2.979 Sagital 
 
 
Figure 4.50: Conventional plan vs. modified conventional plan at 6mm simulated breathing motion at z=5.025 Transverse 
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Figure 4.51: Conventional plan vs. modified conventional plan at 6mm simulated breathing motion at z=-2.975 Transverse 
 
The dose reduction can be further shown on the DVH below. The maximum dose in the 
breast region is down from 4818.8 cGy to 4742.2 cGy. 
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Figure 4.52: Conventional Plan vs. Modified Conventional Plan DVH for the Breast at 6mm simulated breathing motion 
 
Dose reductions are also evident in the right lung below. Maximum dose is reduced to 
4537 cGy from 4621 cGy. 
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Figure 4.53: Conventional Plan vs. Modified Conventional Plan DVH for the Lung at 6mm simulated breathing motion 
  
4.2.2 Fifteen Millimeter Expansion 
Next, the modified conventional plan based on the 6mm simulated breathing motion is 
applied to the 15mm simulated breathing motion. The six figures below show the modifications 
for each of the three control points for each of the two 6 MV external radiation beams. The 5% 
hot spots have decreased measurably in size and the 10% hot spots have been eliminated. 
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Figure 4.54: Conventional Plan vs. modified conventional plan at 15mm simulated breathing motion at Control Point 1 for 
the Medial Tangent Beam. The MLC positions are unchanged. Green areas represent 5% hot regions. 
 
  
Figure 4.55: Conventional Plan vs. modified conventional plan at 15mm simulated breathing motion at Control Point 1 for 
the Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 4.56: Conventional Plan vs. modified conventional plan at 15mm simulated breathing motion at Control Point 2 for 
the Medial Tangent Beam. Green areas represent 5% hot regions. 
 
  
Figure 4.57: Conventional Plan vs. modified conventional plan at 15mm simulated breathing motion at Control Point 2 for 
the Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 4.58: Conventional Plan vs. modified conventional plan at 15mm simulated breathing motion at Control Point 3 for 
the Medial Tangent Beam. Green areas represent 5% hot regions. 
 
             
Figure 4.59: Conventional Plan vs. modified conventional plan at 15mm simulated breathing motion at Control Point 3 for 
the Lateral Tangent Beam. Green areas represent 5% hot regions. 
 
The decreased hot spots are also viewed below on sagital and transverse slices below. 
There is also no loss in coverage; dark blue, the prescribed dose of 4500 cGy, still covers the 
entire breast region. As noted above, the 10% hot spots have been completely eliminated. 
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Figure 4.60: Conventional plan vs. modified conventional plan at 15mm simulated breathing motion at x=-5.322 Sagital 
 
 
Figure 4.61: Conventional plan vs. modified conventional plan at 15mm simulated breathing motion at x=-2.979 Sagital 
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Figure 4.62: Conventional plan vs. modified conventional plan at 15mm simulated breathing motion at z=4.025 Transverse 
 
 
Figure 4.63: Conventional plan vs. modified conventional plan at 15mm simulated breathing motion at z=-2.975 Transverse 
  
     The dose reduction can be further shown on the DVH below. The maximum dose in the breast 
region is down from 4931.1 cGy to 4885.4 cGy. 
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Figure 4.64: Conventional Plan vs. Modified Conventional Plan DVH for the Breast at 15mm simulated breathing motion 
 
Dose reductions are also evident in the right lung below. 
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Figure 4.65: Conventional Plan vs. Modified Conventional Plan DVH for the Lung at 15mm simulated breathing motion 
 
4.2.3 Zero Millimeter Expansion 
Next, the modified conventional plan is applied back to the original non simulated breast 
expansion, in other words, what the original conventional plan was based off of. An ideal plan 
will not cause under dosing when the breathing is minimal or when the lungs are at residual 
volume.  
65 
 
             
Figure 4.66: Conventional Plan (on the left) vs. Modified Conventional Plan (on the right) for Control Point 1 for the Medial 
Tangent Beam. Green areas represent 5% hot regions. 
 
              
 Figure 4.67: Convention Plan (on the left) vs. Modified Conventional Plan (on the right) for Control Point 1 for the Lateral 
Tangent Beam. Green areas represent 5% hot regions. 
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 Figure 4.68: Convention Plan (on the left) vs. Modified Conventional Plan (on the right) for Control Point 2 for the Medial 
Tangent Beam. Green areas represent 5% hot regions. 
 
               
Figure 4.69: Convention Plan (on the left) vs. Modified Conventional Plan (on the right) for Control Point 2 for the Lateral 
Tangent Beam. Green areas represent 5% hot regions. 
 
67 
 
             
Figure 4.70: Convention Plan (on the left) vs. Modified Conventional Plan (on the right) for Control Point 3 for the Medial 
Tangent Beam. Green areas represent 5% hot regions. 
 
   
Figure 4.71: Convention Plan (on the left) vs. Modified Conventional Plan (on the right) for Control Point 3 for the Lateral 
Tangent Beam. Green areas represent 5% hot regions. 
 
  The plan can also be viewed on the figures below. There is also no loss in coverage; dark 
blue, the prescribed dose of 4500 cGy, still covers the entire breast region. This is extremely 
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important as loss in coverage would make the modified conventional plan unacceptable even if at 
higher breathing stages the modified plan reduced hot spots. 
 
 
Figure 4.72: Conventional plan vs. modified conventional plan at x=-8.838 Sagittal 
 
 
Figure 4.73: Conventional plan vs. modified conventional plan at x=-5.322 Sagittal 
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Figure 4.74: Conventional plan vs. modified conventional plan at z=5.025 Transverse 
 
 
Figure 4.75: Conventional plan vs. modified conventional plan at z=-2.975 Transverse 
 
  
Figure 4.76: Convention Plan (on the left) vs. Modified Conventional Plan (on the right) for the Medial Tangent Beam. Blue 
represents the prescribed dose. 
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Figure 4.77: Convention Plan (on the left) vs. Modified Conventional Plan (on the right) for the Lateral Tangent Beam. Blue 
represents the prescribed dose. 
 
The slight dose reduction can be further shown on the DVH below. The dose reductions 
are extremely small because much of the modified blocking only significantly affected the 
expanded breast region, as hoped. Again, the concern for the non expanded region was not 
elevated dose but full dose coverage. 
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Figure 4.78: Conventional Plan vs. Modified Conventional Plan DVH for the Breast 
 
Small dose reductions are also evident in the right lung below. 
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Figure 4.79: Conventional Plan vs. Modified Conventional Plan DVH for the Lung 
 
 The above results in the simulated study showed increased accuracy and hot spot size 
reduction while maintaining full dose coverage were possible through planning the patient’s 
treatment on a mid point breathing phase as opposed to a residual lung volume static phase. 
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CHAPTER 5 
CLINICAL STUDY RESULTS AND DISCUSSION 
 
5.1 Patient One 
 
After the simulated study showed increased dose accuracy, a clinical study was done. In 
order to measure the breathing motion a bellows devise was attached to the patient during their 
initial CT. This allowed the precise breathing motion to be captured instead of estimated 
afterwards through expansions. For this study 0% gated, as measured using the bellows, is when 
the patient has maximally expired air from their lungs and only has a residual volume left. 50% 
gated, determined by fusion, is when the patient has maximally inhaled and their lung is fully 
expanded and the half way point was determined to be 30% gated. The detailed plans can be 
found in Appendix C. 
 
5.1.1 Zero Percent Gated 
 
The two figures below show a traditional plan and the resulting hot spots. 5% hot spots are 
represented by green and 10% hot spots are represented by light blue. Percentage hot is based off 
of the 4500 cGy prescribed dose.  
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Figure 5.1: Traditional Plan for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the right). Green areas 
represent 5% hot regions. 
 
 
Figure 5.2: Traditional Plan for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the right). Blue areas 
represent 10% hot regions. 
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Next is a conventional plan, one that uses MLCs to block out hot spots. The figures 
below show the 3 different MLC positions or control points. Control point one is used for 90.6%, 
control point two is used for 5.5%, and control point three is used for the remaining 3.9% of the 
therapy. The percentages of each control point vary for each patient and depend on the MLC 
positions chosen at each point. For Breast Cancer patients an open field, here control point one, 
is usually used for 90-95% of the external beam therapy. (Purdy)  
 
 
Figure 5.3: Conventional Plan Control Point 1 for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the 
right). Green areas represent 5% hot regions. 
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Figure 5.4: Conventional Plan Control Point 2 for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the 
right). Green areas represent 5% hot regions. 
 
 
Figure 5.5: Conventional Plan Control Point 3 for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the 
right). Green areas represent 5% hot regions. 
 
In the above five figures the advantages of conventional planning are evident. While 
traditional planning leaves the breast tissue with 10% hot spots and large regions of 5% hot 
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spots, conventional planning blocks out all of the 10% hot spots and only a few areas of 5% hot 
spots are left. The three figures below clearly below show the dramatic improvements. Three 
transversal slices of the conventional plan (on the left) and the traditional plan (on the right) are 
below. 
 
Figure 5.6: Conventional vs. Traditional Plan at z=74.950 Transverse 
 
 
Figure 5.7: Conventional vs. Traditional Plan at z=78.250 Transverse 
78 
 
 
Figure 5.8: Conventional vs. Traditional Plan at z=79.750 Transverse 
 
5.1.2 Thirty Percent Gated 
 
The decreased size and number of hot spots found on the conventional plan makes it a 
marked improvement over a traditional plan. However, breathing motion can negatively affect 
the accuracy of dose distribution on therapy plans. When the same conventional plan was applied 
to the 30% gated breathing stage, as mentioned above to be approximately half way between full 
exhalation and full inhalation, breast tissue that was blocked from the beam for some of the 
therapy rises outside of the MLC. A 30% gated breathing stage is shown below on two 
transverse slices. The resulting hot spots are more easily distinguished on the second figure 
below. There are increased 5% hot spots, shown in green, from the non expanded breast. 
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Figure 5.9: Conventional Plan showing 30% gated breathing motion at z=78.250 and z=79.750 Transverse 
 
 
Figure 5.10: Convention Plan showing 30% gated breathing motion at Control Point 1 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
  
To better understand visually why there are increased hot spots, the second and third 
control points are shown below. The hot spots appear right at the edge of the MLC. This is 
because the hot spots are occurring in breast tissue that used to be blocked from the external 
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radiation beams by the MLC. However, the breathing motion has raised the tissue outside of the 
original blocks on the conventional plan. 
 
Figure 5.11: Convention Plan showing 30% gated breathing motion at Control Point 2 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 
Figure 5.12: Convention Plan showing 30% gated breathing motion at Control Point 3 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
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5.1.3 Fifty Percent Gated 
 
Lastly, the conventional plan is applied to the 50% gated stage, when the patient has 
maximally inhaled and their lungs are fully expanded. There are increased 5% hot spots shown in 
green on the figure below, from the conventional plan when the patient has fully exhaled and 
their lungs are at residual volume simulated breathing motion and increased hot spots from the 
half way point, 30% gated above.  
 
Figure 5.13: Conventional Plan showing 50% gated breathing motion at z=80.05 and z=77.95 Transverse 
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Figure 5.14: Convention Plan showing 50% gated breathing motion at Control Point 1 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 To better understand visually why there are increased hot spots, the second and third 
control points are shown below. The hot spots appear right at the edge of the MLCs. This is 
because the hot spots are occurring in breast tissue that used to be blocked from the external 
radiation beams by the MLC. However, the breathing motion has continued to raise the tissue 
outside of the original blocks on the conventional plan. 
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Figure 5.15: Convention Plan showing 50% gated breathing motion at Control Point 2 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 
Figure 5.16: Convention Plan showing 50% gated breathing motion at Control Point 3 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
  
Although the breathing motion has caused a measurable increase in the size of the 5% hot 
spots, the conventional plan is still a dramatic improvement over a traditional plan without any 
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blocks, especially when breathing motion is applied to both of them. Figures below show 
transverse slices of a conventional and traditional plan, each with 50% gated breathing 
(maximum inhalation or lung expansion). Other figures below show the different over dose 
percentages more graphically. Green represents 5% hot, light blue represents 10% hot, yellow 
represents 15% hot and red represents 15% hot. With breathing motion a traditional plan can be 
20% or greater above the prescribed dose of 4500 cGy. 
 
Figure 5.17: Conventional vs. Traditional Plan at 50% gated breathing motion at z=-79.750 Transverse 
 
 
Figure 5.18: Conventional vs. Traditional Plan at 50% gated breathing motion at z=78.250 Transverse 
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Figure 5.19: Traditional Plan showing 50% gated breathing motion for the Medial Tangent Beam. Green areas represent 5% 
hot regions. 
 
 
Figure 5.20: Traditional Plan showing 50% gated breathing motion for the Medial Tangent Beam. Light blue areas represent 
10% hot regions. 
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Figure 5.21: Traditional Plan showing 50% gated breathing motion for the Medial Tangent Beam. Yellow areas represent 15% 
hot regions. 
 
 
Figure 5.22: Traditional Plan showing 50% gated breathing motion for the Medial Tangent Beam. Red areas represent 20% 
hot regions. 
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5.1.4 Thirty Percent Gated Modified Conventional Plan 
 
The next phase is to design a conventional treatment plan that takes into account 
breathing motion without adding significant cost or time to radiation therapy. A new approach is 
to design a plan and MLC positions around a breathing level. Based on fusion results, 30% 
gating was determined to be the half way point. The reason for choosing this phase is because it 
is close enough to the non expanded conventional plan that there would be minimal under dosing 
and yet block out hot spots that might become 10% hot in the maximum breathing motions. 
 At the 30% gated breathing motion a new plan is designed. Some of the MLC positions at 
a few of the control points are modified to block out the 5% hot spots. The figures below show 
the modifications for each of the three control points for each of the two 6 MV external radiation 
beams. 
                
Figure 5.23: Conventional Plan vs. modified conventional plan at 30% gated breathing motion at Control Point 1 for the 
Medial Tangent Beam. The MLC positions are unchanged. Green areas represent 5% hot regions.  
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Figure 5.24: Conventional Plan vs. modified conventional plan at 30% gated breathing motion at Control Point 1 for the 
Lateral Tangent Beam. The MLC positions are unchanged. Green areas represent 5% hot regions. 
 
  
Figure 5.25: Conventional Plan vs. modified conventional plan at 30% gated breathing motion at Control Point 2 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.26: Conventional Plan vs. modified conventional plan at 30% gated breathing motion at Control Point 2 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
 
             
Figure 5.27: Conventional Plan vs. modified conventional plan at 30% gated breathing motion at Control Point 3 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.28: Conventional Plan vs. modified conventional plan at 30% gated breathing motion at Control Point 3 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
 
 The decreased 5% hot spots are also viewed below on two transverse slices below. There 
is also no loss in coverage; dark blue, the prescribed dose of 4500 cGy, still covers the entire 
breast region. 
 
Figure 5.29: Conventional plan vs. modified conventional plan at 30% gated breathing motion at z=78.250 Transverse 
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Figure 5.30: Conventional plan vs. modified conventional plan at 30% gated breathing motion at z=79.750 Transverse 
  
5.1.5 Fifty Percent Gated Modified Conventional Plan 
 
Next, the modified conventional plan based on the 30% gated breathing motion is applied 
to the maximum lung expansion, 50% gating breathing motion. The figures below show the 
modifications for each of the three control points for each of the two 6 MV external radiation 
beams. The 5% hot spots have decreased measurably in size. 
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Figure 5.31: Conventional Plan vs. modified conventional plan at 50% gated breathing motion at Control Point 1 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
            
Figure 5.32: Conventional Plan vs. modified conventional plan at 50% gated breathing motion at Control Point 1 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.33: Conventional Plan vs. modified conventional plan at 50% gated breathing motion at Control Point 2 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
             
Figure 5.34: Conventional Plan vs. modified conventional plan at 50% gated breathing motion at Control Point 2 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
94 
 
            
Figure 5.35: Conventional Plan vs. modified conventional plan at 50% gated breathing motion at Control Point 3 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
   
Figure 5.36: Conventional Plan vs. modified conventional plan at 50% gated breathing motion at Control Point 3 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
 
 The smaller 5% hot spots are also viewed below on two transverse slices below. There is 
also no loss in coverage; dark blue, the prescribed dose of 4500 cGy, still covers the entire breast 
region. 
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Figure 5.37: Conventional plan vs. modified conventional plan at 50% gated breathing motion at z=78.250 Transverse 
 
 
Figure 5.38: Conventional plan vs. modified conventional plan at 50% gated breathing motion at z=79.750 Transverse 
 
5.1.6 Zero Percent Gated Modified Conventional Plan 
 
Next, the modified conventional plan based on the 30% gated breathing motion is applied 
to the minimum lung expansion, 0% gating breathing motion. The figures below show the 
modifications for each of the three control points for each of the two 6 MV external radiation 
beams. The modified plan should not change the hot spots to any measurable degree as the 
original conventional plan was based on blocking out hot spots at 0% gated breathing motion, 
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when only the residual lung volume remained. However, the main concern with the modified 
plan is full dose coverage since the MLCs are blocking more of the breast area. 
              
Figure 5.39: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 1 for the Medial 
Tangent Beam. Green areas represent 5% hot regions. 
 
             
Figure 5.40: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 1 for the Lateral 
Tangent Beam. Green areas represent 5% hot regions.  
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Figure 5.41: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 2 for the Medial 
Tangent Beam. Green areas represent 5% hot regions.  
 
              
Figure 5.42: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 2 for the Lateral 
Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.43: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 3 for the Medial 
Tangent Beam. Green areas represent 5% hot regions. 
 
  
Figure 5.44: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 3 for the Lateral 
Tangent Beam. Green areas represent 5% hot regions. 
  
     The coverage of the prescribed dose can be viewed below on two transverse slices. There is 
minimal loss in coverage; dark blue still covers the entire breast region. 
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Figure 5.45: Conventional plan vs. modified conventional plan at 0% gated breathing motion at z=74.950 Transverse 
 
 
Figure 5.46: Conventional plan vs. modified conventional plan at 0% gated breathing motion at z=79.750 Transverse 
 
5.1.7 Fifty Percent Gated Second Modified Conventional Plan 
 
In order to make sure the 50% gated breathing stage, maximum inhalation, is not a 
superior choice to base a therapy plan off of an additional modified plan was designed. This plan 
uses the 50% gated breathing stage to determine the postion of the MLC blocks. The figures 
below show the modifications for each of the three control points for each of the two 6 MV 
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external radiation beams. This additional modified plan eliminates almost all of the 5% hot spots, 
shown in green, on the 50% gated breathing stage. 
 
             
Figure 5.47: Conventional Plan vs. additional modified conventional plan at 50% gated breathing motion at Control Point 1 
for the Medial Tangent Beam. Green areas represent 5% hot regions. 
 
             
Figure 5.48: Conventional Plan vs. additional modified conventional plan at 50% gated breathing motion at Control Point 1 
for the Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.49: Conventional Plan vs. additional modified conventional plan at 50% gated breathing motion at Control Point 2 
for the Medial Tangent Beam. Green areas represent 5% hot regions. 
 
  
Figure 5.50: Conventional Plan vs. additional modified conventional plan at 50% gated breathing motion at Control Point 2 
for the Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.51: Conventional Plan vs. additional modified conventional plan at 50% gated breathing motion at Control Point 3 
for the Medial Tangent Beam. Green areas represent 5% hot regions. 
 
             
Figure 5.52: Conventional Plan vs. additional modified conventional plan at 50% gated breathing motion at Control Point 3 
for the Lateral Tangent Beam. Green areas represent 5% hot regions. 
  
 The coverage of the prescribed dose can be viewed below on two transverse slices. As 
shown above and below, 5% hot spots have been eliminated. 
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Figure 5.53: Conventional plan vs. second modified conventional plan at 50% gated breathing motion at z=74.950 Transverse 
 
 
Figure 5.54: Conventional plan vs. second modified conventional plan at 50% gated breathing motion at z=78.250 Transverse 
 
5.1.8 Zero Percent Gated Second Modified Conventional Plan  
Next, the second modified conventional plan based on the 50% gated breathing motion is 
applied to the minimum lung expansion, 0% gating breathing motion. The figures below show 
the transverse slices. The second modified plan should not change the hot spots to any 
measurable degree as the original conventional plan was based on blocking out hot spots at 0% 
gated breathing motion, when only the residual lung volume remained. However, the main 
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concern with the second modified plan is full dose coverage since the MLC is blocking more of 
the breast area.  
 
 
 
Figure 5.55: Conventional plan vs. second modified conventional plan at 0% gated breathing motion at z=77.950 Transverse 
 
 
Figure 5.56: Conventional plan vs. second modified conventional plan at 0% gated breathing motion at z=80.050 Transverse 
 
 As the above two figures show, the second modified conventional plan (based off of the 
50% gated breathing stage or maximum inhalation) is not ideal. The plan blocks out all hot spots 
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at all stages of breathing but blocks out too much of the 6MV beams when the patient is at 
residual lung volume. This shows that, as expected the mid point of 30% gated is the ideal stage 
to base the treatment plan on. 
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5.2 Patient Two 
 
After the first clinical study showed increased dose accuracy using the half way gated 
breathing phase, a second clinical study was done. In order to measure the breathing motion a 
bellows devise was attached to the patient during their initial CT. This allowed the precise 
breathing motion to be captured instead of estimated afterwards through expansions. For this 
study 0% gated, as measured using the bellows below, is when the patient has maximally expired 
air from their lungs and only has a residual volume left. 70% gated, determined by fusion, is 
when the patient has maximally inhaled and their lung is fully expanded and 40% gated was the 
half way point.  
 
 
Figure 5.57: Bellows belt on patient viewed from the front and side 
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Figure 5.58: Fusion of two different gating stages 
 
5.2.1 Zero Percent Gated 
 
Below are figures that show a traditional plan and the resulting hot spots. 5% hot spots are 
represented by green, 10% hot spots are represented by light blue, 15% hot spots are shown in 
yellow, and 20% hot spots are represented in red. Percentage hot is based off of the 4500 cGy 
prescribed dose.  
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Figure 5.59: Traditional Plan for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the right). Green areas 
represent 5% hot regions. 
 
 
Figure 5.60: Traditional Plan for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the right). Blue areas 
represent 10% hot regions. 
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Figure 5.61: Traditional Plan for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the right). Yellow areas 
represent 15% hot regions. 
 
 
Figure 5.62: Traditional Plan for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the right). Burgundy 
areas represent 20% hot regions. 
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Next is a conventional plan, one that uses MLCs to block out hot spots. Figures below 
show the 4 different MLC positions or control points. Control point one is used for 92%, control 
point two is used for 4%, control point three is used for 3%, and control point four is used for the 
remaining 1% of the therapy. The percentages of each control point vary for each patient and 
depend on the MLC positions chosen at each point. For Breast Cancer patients an open field, 
here control point one, is usually used for 90-95% of the external beam therapy. (Purdy) 
 
 
Figure 5.63: Conventional Plan Control Point 1 for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the 
right). Green areas represent 5% hot regions. 
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Figure 5.64: Conventional Plan Control Point 2 for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the 
right). Green areas represent 5% hot regions. 
 
 
Figure 5.65: Conventional Plan Control Point 3 for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the 
right). Green areas represent 5% hot regions. 
112 
 
 
Figure 5.66: Conventional Plan Control Point 4 for the Medial Tangent Beam (on the left) and Lateral Tangent Beam (on the 
right). Green areas represent 5% hot regions. 
 
In the above figures the advantages of conventional planning are evident. While 
traditional planning leaves the breast tissue with 20% hot spots and large regions of 15-10% hot 
spots, conventional planning blocks out all of the 10-20% hot spots and only 5% hot spots are 
left. The figures clearly below show the dramatic improvements. Three transversal slices of the 
conventional plan (on the left) and the traditional plan (on the right) are below. 
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Figure 5.67: Conventional vs. Traditional Plan at z=72.5 Transverse 
 
 
Figure 5.68: Conventional vs. Traditional Plan at z=72.20 Transverse 
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Figure 5.69: Conventional vs. Traditional Plan at z=77.60 Transverse 
 
5.2.2 Forty Percent Gated 
 
The decreased size and number of hot spots found on the conventional plan makes it a 
marked improvement over a traditional plan. However, breathing motion can negatively affect 
the accuracy of dose distribution on therapy plans. When the same conventional plan was applied 
to the 40% gated breathing stage, as mentioned above to be approximately half way between full 
exhalation and full inhalation, breast tissue that was blocked from the beam for some of the 
therapy rises outside of the MLCs. A 40% gated breathing stage is shown below on two 
transverse slices. The resulting hot spots are more easily distinguished on the figures after the 
slices. There are increased 5% hot spots, shown in green, from the non expanded breast above. In 
addition there are 10-20% hot spots. 
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Figure 5.70: Conventional Plan showing 40% gated breathing motion at z=77.60 and z=71.00 Transverse 
 
 
Figure 5.71: Convention Plan showing 40% gated breathing motion at Control Point 1 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
  
To better understand visually why there are increased hot spots, the second, third control 
and forth control points are shown below. The hot spots appear right at the edge of the MLCs. 
This is because the hot spots are occurring in breast tissue that used to be blocked from the 
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external radiation beams by the MLCs. However, the breathing motion has raised the tissue 
outside of the original blocks on the conventional plan. 
 
 
Figure 5.72: Convention Plan showing 40% gated breathing motion at Control Point 2 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
117 
 
 
Figure 5.73: Convention Plan showing 40% gated breathing motion at Control Point 3 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 
Figure 5.74: Convention Plan showing 40% gated breathing motion at Control Point 4 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
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Figure 5.75: Convention Plan showing 40% gated breathing motion for the Medial Tangent Beam (on the left) and Lateral 
Tangent Beam (on the right). Blue areas represent 10% hot regions. 
 
 
Figure 5.76: Convention Plan showing 40% gated breathing motion for the Medial Tangent Beam (on the left) and Lateral 
Tangent Beam (on the right). Yellow areas represent 15% hot regions. 
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Figure 5.77: Convention Plan showing 40% gated breathing motion for the Medial Tangent Beam (on the left) and Lateral 
Tangent Beam (on the right). Burgundy areas represent 20% hot regions. 
 
 
5.2.3 Seventy Percent Gated 
 
Lastly, the conventional plan is applied to the 70% gated stage, when the patient has 
maximally inhaled and their lungs are fully expanded. There are increased 5% hot spots, shown 
in green, from the conventional plan when the patient has fully exhaled and their lungs are at 
residual volume simulated breathing motion above and increased hot spots from the half way 
point, 40% gated.  
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Figure 5.78: Convention Plan showing 70% gated breathing motion at Control Point 1 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 To better understand visually why there are increased hot spots, the second and third 
control points are shown below. The hot spots appear right at the edge of the MLCs. This is 
because the hot spots are occurring in breast tissue that used to be blocked from the external 
radiation beams by the MLCs. However, the breathing motion has continued to raise the tissue 
outside of the original blocks on the conventional plan. 
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Figure 5.79: Convention Plan showing 70% gated breathing motion at Control Point 2 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 
Figure 5.80: Convention Plan showing 70% gated breathing motion at Control Point 3 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
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Figure 5.81: Convention Plan showing 70% gated breathing motion at Control Point 4 for the Medial Tangent Beam (on the 
left) and Lateral Tangent Beam (on the right). Green areas represent 5% hot regions. 
 
 
Figure 5.82: Convention Plan showing 70% gated breathing motion for the Medial Tangent. Blue areas represent 10% hot 
regions. 
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Figure 5.83: Convention Plan showing 70% gated breathing motion for the Medial Tangent. Yellow areas represent 15% hot 
regions. 
 
 
Figure 5.84: Convention Plan showing 70% gated breathing motion for the Medial Tangent. Burgundy areas represent 20% 
hot regions. 
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Although the breathing motion has caused a measurable increase in the size of the 5% hot 
spots and created up to 20% hot spots, the conventional plan is still an improvement over a 
traditional plan without any blocks, especially when breathing motion is applied to both of them. 
Below are transverse slices of a conventional and traditional plan, each with 70% gated breathing 
(maximum lung expansion). The rest of the figures immediately below show the different over 
dose percentages more graphically. Green represents 5% hot, light blue represents 10% hot, 
yellow represents 15% hot, burgundy represents 20% hot and red areas are 25% hot. With 
breathing motion a traditional plan can be 25% or greater above the prescribed dose of 4500 
cGy. 
 
 
Figure 5.85: Conventional vs. Traditional Plan at 70% gated breathing motion at z=-79.10 Transverse 
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Figure 5.86: Conventional vs. Traditional Plan at 70% gated breathing motion at z=72.80 Transverse 
  
 
Figure 5.87: Traditional Plan showing 70% gated breathing motion for the Medial Tangent Beam. Green areas represent 5% 
hot regions. 
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Figure 5.88: Traditional Plan showing 70% gated breathing motion for the Medial Tangent Beam. Light blue areas represent 
10% hot regions. 
 
 
Figure 5.89: Traditional Plan showing 70% gated breathing motion for the Medial Tangent Beam. Yellow areas represent 15% 
hot regions. 
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Figure 5.90: Traditional Plan showing 70% gated breathing motion for the Medial Tangent Beam. Burgundy areas represent 
20% hot regions. 
 
 
Figure 5.91: Traditional Plan showing 70% gated breathing motion for the Medial Tangent Beam. Red areas represent 25% 
hot regions. 
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5.2.4 Forty Percent Gated Modified Conventional Plan 
 
The next phase is to design a conventional treatment plan that takes into account 
breathing motion without adding significant cost or time to radiation therapy. A new approach is 
to design a plan and MLC positions around a breathing level. Based on the previous breathing 
motion expansion experimental work, 40% gating was chosen. The reason for choosing this 
phase is because it is close enough to the non expanded conventional plan that there would be 
minimal under dosing and yet block out hot spots that might become 10% hot or greater in the 
maximum breathing motions. 
 At the 40% gated breathing motion a new plan is designed. Some of the MLC positions at 
a few of the control points are modified to block out the 10% and above hot spots while reducing 
the 5% hot spots. The figures below show the modifications for each of the three control points 
for each of the two 6 MV external radiation beams.  
               
   
Figure 5.92: Conventional Plan vs. modified conventional plan at 40% gated breathing motion at Control Point 1 for the 
Medial Tangent Beam. The MLC positions are unchanged. Green areas represent 5% hot regions.  
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Figure 5.93: Conventional Plan vs. modified conventional plan at 40% gated breathing motion at Control Point 1 for the 
Lateral Tangent Beam. The MLC positions are unchanged. Green areas represent 5% hot regions. 
 
              
Figure 5.94: Conventional Plan vs. modified conventional plan at 40% gated breathing motion at Control Point 2 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.95: Conventional Plan vs. modified conventional plan at 40% gated breathing motion at Control Point 2 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
 
               
Figure 5.96: Conventional Plan vs. modified conventional plan at 40% gated breathing motion at Control Point 3 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.97: Conventional Plan vs. modified conventional plan at 40% gated breathing motion at Control Point 3 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
 
              
Figure 5.98: Conventional Plan vs. modified conventional plan at 40% gated breathing motion at Control Point 4 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.99: Conventional Plan vs. modified conventional plan at 40% gated breathing motion at Control Point 4 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
 
 The decreased 5% hot spots are also viewed below on two transverse slices below, in 
addition to the elimination of the 10-20% hot spots. There is also no loss in coverage; dark blue, 
the prescribed dose of 4500 cGy, still covers the entire breast region. 
 
 
Figure 5.100: Conventional plan vs. modified conventional plan at 40% gated breathing motion at z=77.60 Transverse 
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Figure 5.101: Conventional plan vs. modified conventional plan at 40% gated breathing motion at z=81.00 Transverse 
 
  
Figure 5.102: Conventional plan vs. modified conventional plan at 40% gated breathing motion at z=71.00 Transverse 
 
5.2.5 Seventy Percent Gated Modified Conventional Plan 
Next, the modified conventional plan based on the 40% gated breathing motion is applied 
to the maximum lung expansion, 70% gating breathing motion. The figures below show the 
modifications for each of the three control points for each of the two 6 MV external radiation 
beams. The hot spots have decreased measurably in size with only 5-10% hot left. 
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Figure 5.103: Conventional Plan vs. modified conventional plan at 70% gated breathing motion at Control Point 1 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
                
Figure 5.104: Conventional Plan vs. modified conventional plan at 70% gated breathing motion at Control Point 1 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.105: Conventional Plan vs. modified conventional plan at 70% gated breathing motion at Control Point 2 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
               
Figure 5.106: Conventional Plan vs. modified conventional plan at 70% gated breathing motion at Control Point 2 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.107: Conventional Plan vs. modified conventional plan at 70% gated breathing motion at Control Point 3 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
               
Figure 5.108: Conventional Plan vs. modified conventional plan at 70% gated breathing motion at Control Point 3 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.109: Conventional Plan vs. modified conventional plan at 70% gated breathing motion at Control Point 4 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
                
Figure 5.110: Conventional Plan vs. modified conventional plan at 70% gated breathing motion at Control Point 4 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
 Figure 5.111: Conventional Plan vs. modified conventional plan at 70% gated breathing motion at Control Point 1 for the 
Lateral Tangent Beam. Blue areas represent 10% hot regions.
 
 The decreased hot spots are also viewed below on two transverse slices 
also no loss in coverage; dark blue, the prescribed dose of 4500 cGy, still covers the entire breast 
region. 
Figure 5.112: Conventional plan vs. modified conventional plan at 7
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Figure 5.113: Conventional plan vs. modified conventional plan at 70% gated breathing motion at z=74.00 Transverse 
 
 
Figure 5.114: Conventional plan vs. modified conventional plan at 70% gated breathing motion at z=77.60 Transverse 
 
5.2.6 Zero Percent Gated Modified Conventional Plan 
Next, the modified conventional plan based on the 40% gated breathing motion is applied 
to the minimum lung expansion, 0% gating breathing motion. The figures below show the 
modifications for each of the three control points for each of the two 6 MV external radiation 
beams. The modified plan should not change the hot spots to any measurable degree as the 
original conventional plan was based on blocking out hot spots at 0% gated breathing motion, 
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when only the residual lung volume remained. However, the main concern with the modified 
plan is full dose coverage since the MLCs are blocking more of the breast area. 
                 
Figure 5.115: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 1 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
                
Figure 5.116: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 1 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions.  
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Figure 5.117: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 2 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
              
Figure 5.118: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 2 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.119: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 3 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
                
Figure 5.120: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 3 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.121: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 4 for the 
Medial Tangent Beam. Green areas represent 5% hot regions. 
 
               
Figure 5.122: Conventional Plan vs. modified conventional plan at 0% gated breathing motion at Control Point 4 for the 
Lateral Tangent Beam. Green areas represent 5% hot regions. 
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The coverage of the prescribed dose can be viewed below on two transverse slices below. 
There is minimal loss in coverage; dark blue still covers the entire breast region. 
 
 
Figure 5.123: Conventional plan vs. modified conventional plan at 0% gated breathing motion at z=77.60 Transverse 
 
 
Figure 5.124: Conventional plan vs. modified conventional plan at 0% gated breathing motion at z=75.80 Transverse 
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5.2.7 Seventy Percent Gated Second Modified Conventional Plan 
 
In order to make sure the 70% gated breathing stage, maximum inhalation, is not a 
superior choice to base a therapy plan off of an additional modified plan was designed. This plan 
uses the 70% gated breathing stage to determine the postion of the MLC blocks. The figures 
below show the modifications for each of the three control points for each of the two 6 MV 
external radiation beams. This additional modified plan eliminates almost all of the 10% hot 
spots, shown in blue, on the 70% gated breathing stage while reducing the 5% hot spots, shown 
in green. 
            
Figure 5.125: Conventional Plan vs. additional modified conventional plan at 70% gated breathing motion at Control Point 1 
for the Medial Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.126: Conventional Plan vs. additional modified conventional plan at 70% gated breathing motion at Control Point 1 
for the Lateral Tangent Beam. Green areas represent 5% hot regions. 
  
            
Figure 5.127: Conventional Plan vs. additional modified conventional plan at 70% gated breathing motion at Control Point 2 
for the Medial Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.128: Conventional Plan vs. additional modified conventional plan at 70% gated breathing motion at Control Point 2 
for the Lateral Tangent Beam. Green areas represent 5% hot regions. 
 
            
Figure 5.129: Conventional Plan vs. additional modified conventional plan at 70% gated breathing motion at Control Point 3 
for the Medial Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.130: Conventional Plan vs. additional modified conventional plan at 70% gated breathing motion at Control Point 3 
for the Lateral Tangent Beam. Green areas represent 5% hot regions. 
 
           
Figure 5.131: Conventional Plan vs. additional modified conventional plan at 70% gated breathing motion at Control Point 4 
for the Medial Tangent Beam. Green areas represent 5% hot regions. 
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Figure 5.132: Conventional Plan vs. additional modified conventional plan at 70% gated breathing motion at Control Point 4 
for the Lateral Tangent Beam. Green areas represent 5% hot regions. 
 
           
Figure 5.133: Conventional Plan vs. additional modified conventional plan at 70% gated breathing motion for the Medial 
Tangent Beam. Blue areas represent 10% hot regions. 
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 The coverage of the prescribed dose can be viewed below on two transverse slices below. 
As shown above and below, 15%-20% hot spots have been eliminated and the 10% hot spots are 
minimal in size. 
 
 
Figure 5.134: Conventional plan vs. second modified conventional plan at 70% gated breathing motion at z=79.70 Transverse 
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Figure 5.135: Conventional plan vs. second modified conventional plan at 70% gated breathing motion at z=76.70 Transverse 
 
 
Figure 5.136: Modified conventional plan vs. second modified conventional plan at 70% gated breathing motion at z=74.30  
Transverse 
152 
 
 
Figure 5.137: Modified conventional plan vs. second modified conventional plan at 70% gated breathing motion at z=80.90 
Transverse 
 
5.2.8 Zero Percent Gated Second Modified Conventional Plan  
Next, the second modified conventional plan based on the 70% gated breathing motion is 
applied to the minimum lung expansion, 0% gating breathing motion. The figures below show 
the transverse slices. The main concern with the second modified plan is full dose coverage since 
the MLC is blocking more of the breast area.  
 
 
Figure 5.138: Conventional plan vs. second modified conventional plan at 0% gated breathing motion at z=74.60 Transverse 
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Figure 5.139: Conventional plan vs. second modified conventional plan at 0% gated breathing motion at z=80.60 Transverse 
 
 
Figure 5.140: Conventional plan vs. second modified conventional plan at 0% gated breathing motion at z=77.20 Transverse 
 
 As the above 3 figures show, the second modified conventional plan (based off of the 
70% gated breathing stage or maximum inhalation) is not ideal. Dose coverage is lost around the 
lung and medial part of the breast. The plan blocks out more hot spots at all stages of breathing 
but blocks out too much of the 6MV beams when the patient is at residual lung volume. This 
shows that, as expected the mid point of 40% gated is the ideal stage to base the treatment plan 
on.  
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CHAPTER 6 
CONCLUSIONS 
 
     Conventional 3-D external beam radiation therapy, although a vast improvement over 
traditional therapy, does not take into account respiratory motion. With breast cancer patients, 
this motion can expose healthy tissues, such as the lungs, to higher doses than expected. More 
significant, respiratory motion can create hot spots in the breast tissue in excess of 15% of the 
prescribed dose.  Requiring a patient to simply hold her breath is not a feasible option given the 
length of treatment. 4-D radiation therapy allows for the dimension of time to be added to the 
process through a bellows devise and post processing. In 4-D treatments a sequence of CT image 
sets is acquired over consecutive segments of the breathing cycle. This sequence of images 
allows encoding of the treatment area in the 4-D image set. (P. Keall) This new technology may 
be incorporated into existing protocol by designing the treatment plan off of the mid point in the 
breathing cycle. This point is different for each patient and is determined by fusing the image 
sets. However, a brief fusion adds little time in the process as compared to 3-D radiotherapy.  
     This research has demonstrated that, unlike other methods of utilizing 4-D technology (which 
add time and may require the purchase of additional equipment), selecting a different phase of 
the breathing cycle is inexpensive and beneficial. Done correctly, it eliminates 10% and above 
hot spots and reduces dose to the lungs while still giving the breast cancer treatment area full 
dose coverage. However, this method has only been studied on breast cancer patients treated in 
the prone position. Further research is needed to expand the results to all treatment positions.  
Additionally an approved written standard should be developed, based on additional trials, to 
enable usage of this technique. 
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APPENDIX A: DESIGNING A TREATMENT PLAN 
 
     Below is the procedure for completing a dosimetry plan for breast cancer external beam 
radiation therapy. Figure A.1 shows patient setup. The user can modify basic setup as well as 
couch removal and laser localization. Figure A.2 shows the counters including regions of interest 
and display options. Figure A.3 allows the user to assign points of interest such as the isocenter. 
Figure A.4 shows the beams. Figure A.5 allows the user to compute dose and assign a dose grid 
and well as dose computation method. 
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Figure A.1: Patient Setup 
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Figure A.2: Contours and Regions of Interest 
161 
 
 
Figure A.3: Points of Interest 
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Figure A.4: Beams 
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Figure A.5: Dose 
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APPENDIX B: DETAILED SIMULATED STUDY TREATMENT PLANS 
 
     Below are the conventional, 3mm conventional expanded, 6mm conventional expanded, 9mm 
conventional expanded, 12mm conventional expanded, 15mm conventional expanded, modified 
conventional, 6mm modified conventional expanded, and 15mm modified conventional 
expanded plans.      
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APPENDIX C: DETAILED CLINICAL STUDY TREATMENT PLANS 
 
     Below are the 0% gated traditional, 0% gated conventional, 0% gated modified conventional, 
0% gated additional modified conventional, 30% gated conventional, 30% gated modified 
conventional, 50% gated traditional, 50% gated conventional, 50% gated modified conventional, 
and 50% gated additional modified conventional plans. 
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